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Developmental mechanisms of segmentation appear to be varied among insects in spite of their conserved body plan. Although the expression
patterns of the segment polarity genes in all insects examined imply well conserved function of this class of genes, expression patterns and
function of the pair-rule genes tend to exhibit diversity. To gain further insights into the evolution of the segmentation process and the role of pair-
rule genes, we have examined expression and function of an ortholog of the Drosophila pair-rule gene even-skipped (eve) in a phylogenetically
basal insect, Gryllus bimaculatus (Orthoptera, intermediate germ cricket). We find that Gryllus eve (Gb'eve) is expressed as stripes in each of the
prospective gnathal, thoracic, and abdominal segments and as a broad domain in the posterior growth zone. Dynamics of stripe formation vary
among Gb'eve stripes, representing one of the three modes, the segmental, incomplete pair-rule, and complete pair-rule mode. Furthermore, we
find that RNAi suppression of Gb'eve results in segmentation defects in both anterior and posterior regions of the embryo. Mild depletion of
Gb'eve shows a pair-rule-like defect in anterior segments, while stronger depletion causes a gap-like defect showing deletion of anterior and
posterior segments. These results suggest that Gb'eve acts as a pair-rule gene at least during anterior segmentation and also has segmental and gap-
like functions. Additionally, Gb'eve may be involved in the regulation of hunchback and Krüppel expression. Comparisons with eve functions in
other species suggest that the Gb'eve function may represent an intermediate state of the evolution of pair-rule patterning by eve in insects.
© 2006 Elsevier Inc. All rights reserved.Keywords: Gryllus bimaculatus; Intermediate germ; Pair-rule gene; Even-skipped; RNAi; SegmentationIntroduction
Segmentation is a major feature of the body plan of insects.
In the phylogenetically derived long germ insect, Drosophila,
it is well-known that gradients of maternal factors initiate
sequential expression of the zygotic gap, pair-rule, and seg-
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doi:10.1016/j.ydbio.2006.11.003simultaneously at the blastoderm stage (Hülskamp and Tautz,
1991; Rivera-Pomar and Jäckle, 1996; Pankratz and Jackle,
1993; St Johnston and Nüsslein-Volhard, 1992). Early steps of
segment patterning in Drosophila take place in a syncytial
environment, in which transcription factors can diffuse to act in
concentration-dependent manners. However, this mode of
segmentation is thought to be evolutionarily derived and may
not be representative of most insects (Davis and Patel, 2002;
Tautz et al., 1994). In short and intermediate germ insects, only
the anterior segments are specified in the blastoderm stage, while
the remaining posterior segments are specified later in
embryogenesis (Davis and Patel, 2002; Krause, 1939). In these
phylogenetically more basal insects, much of the segmentation
process takes place in a cellular environment. Thus, a crucial
203T. Mito et al. / Developmental Biology 303 (2007) 202–213question arises as to how molecular mechanisms have evolved
during the assumed evolutionary transition from cellular to
syncytial segmentation.
The Drosophila segmentation hierarchy includes pair-rule and
segment polarity genes, the former upstream to the latter. The
expression patterns of the segment polarity class of genes are
conserved in all insects examined, implying conservation of their
functions (reviewed in Davis and Patel, 2002). This is also true in
the cricket Gryllus bimaculatus (Niwa et al., 2000; Miyawaki et
al., 2004). On the contrary, expression patterns and functions of the
pair-rule genes tend to exhibit diversity among insects. Pair-rule
genes were originally defined by loss-of-function phenotypes in
Drosophila, in which deletion of embryonic segments takes
place with a two-segment periodicity (Nüsslein-Volhard and
Wieschaus, 1980). The pair-rule genes even-skipped (eve) and
fushi tarazu (ftz) are expressed in a two-segment periodicity before
the onset of gastrulation. The expression of these genes is
conserved in the short germ beetle Tribolium (Brown et al., 1994;
Patel et al., 1994). For Tribolium eve, the pair-rule function also
appears to be conserved (Schröder et al., 1999). In contrast, a
chromosomal deletion encompassing the ftz gene homolog in
Tribolium does not produce a pair-rule phenotype (Stuart et al.,
1991). In hemimetabolous insects, which are phylogenetically
more basal than holometabolous insects such as Drosophila and
Tribolium, conservation of pair-rule patterning is more ambiguous.
In the short germ grasshopper Schistocerca, a hemimetabolous
insect, both of the eve and ftz orthologs are not expressed in
periodic stripes in the early embryo, but in broad posterior domains
(Dawes et al., 1994; Patel et al., 1992). This suggests that eve and
ftz play different roles in Schistocerca. In contrast, a Pax group III
gene in Schistocerca, pairberry1 (pby1), is expressed in a striped
pattern with a two-segment periodicity (Davis et al., 2001).
Although this suggests conservation of the pair-rule function in
Schistocerca, functional data are needed to confirm this view.
Furthermore, in the intermediate germ hemimetabolous insect
Oncopeltus fasciatus, it has been revealed that eve does not act as a
pair-rule gene, but has segmental and gap-like functions (Liu and
Kaufman, 2005). Thus, in short or intermediate germ insects, only
parts of pair-rule gene orthologs appear to function in a pair-rule
manner.
To gain insight into the evolution of molecular mechanisms
for segmentation in insects, it is essential to understand more
about conservation and diversity in pair-rule patterning among
insects. For this purpose, we focused on expression and function
of the eve ortholog in the intermediate germ cricket G.
bimaculatus, a hemimetabolous insect. We found that Gryllus
eve (Gb'eve) is expressed as single- and double-segmental
stripes and as a broad domain in the posterior growth zone.
Furthermore, by its loss-of-function analysis using RNA
interference (RNAi), we show that Gb'eve functions as a pair-
rule gene, providing direct evidence for the existence of a pair-
rule prepattern in segmentation of hemimetabolous insects. We
also found that Gb'eve has segmental and gap-like functions,
regulating the expression of Gryllus hunchback (Gb'hb) and
Krüppel (Gb'Kr). Roles of Gb'eve in segmentation and
evolution of pair-rule patterning by eve will be discussed
based on these findings.Materials and methods
Cloning of the even-skipped ortholog
Total RNAwas extracted from G. bimaculatus embryos at 1–3 days after egg
laying (AEL), using Isogen (Nippon-Gene). cDNAs were synthesized using a
degenerate primer for the conservedmotif in theN-terminal, FQPYKS. Subsequent
degenerate PCR was done with primers for the motif EKEFYK (forward) and
PKLFQPY (reverse) in the homeodomain. Nested PCR was then performed with
the second forward for the motif FYKENYV (forward) and the above reverse
primer. Using the sequence of the short fragment obtained by the degenerate PCRs,
gene-specific primers were designed and 5′ and 3′ RACE PCRs were performed
using the SMART RACE cDNA Amplification Kit (Clontech). After candidate
PCR products were cloned, several clones were sequenced to minimize artifacts in
PCR or sequencing. The Gb'eve cDNA sequence was deposited in the DNA Data
Base of Japan (DDBJ Accession Number, AB120736).
Whole-mount in situ hybridization
Standard protocols were used for whole-mount in situ hybridization with a
digoxigenin (DIG)-labeled antisense RNA probe, as previously described (Niwa
et al., 2000). In situ hybridization for double staining was performed as follows.
The antisense RNA probe was labeled with DIG or fluorescein. Hybridization
was done in the same way as the standard protocol. After hybridization, anti-
fluorescein-AP Fab fragments (Roche) were added and the color reaction for the
fluorescein-labeled probe was performed using NBT/BCIP as a substrate. The
samples were then washed in TNT buffer containing 100mMTris–HCl (pH 7.5),
150 mMNaCl, and 0.05% Tween 20 before re-fixing with 4% paraformaldehyde
in phosphate buffered saline (PBS) at 4°C overnight. After a subsequent wash in
TNT buffer, anti-digoxigenin-POD Fab fragments (Roche) were added and then
the samples were re-washed in TNT buffer. Treatment for signal enhancement
was then carried out using the TSA Biotin System (PerkinElmer Life Science)
following the manufacture's instructions. The color reaction for the DIG-labeled
probe was done using Vector Nova Red Substrate Kit (Vector).
Immunostaining
The Even-skipped antibody, monoclonal antibody 2B8 (Patel et al., 1994),
was purchased from the Developmental Studies Hybridoma Bank. The primary
antibody was used at a 1:3 dilution. The antibody was detected using a
secondary antibody, peroxidase-conjugated goat anti-mouse IgG (Jackson) at a
1:200 dilution. Nickel chloride was included in the staining reaction.
RNAi experiments
Double-stranded RNA (dsRNA) was synthesized using the MEGA-script Kit
(Ambion). PCR fragments were used as a template for in vitro transcription and
they were amplified with the upstream and downstream primers containing the T7
promoter sequence. The synthesized RNA was extracted with phenol/chloroform
and ethanol-precipitated. The RNA was denatured in boiled water after being
suspended in TE, and annealed at room temperature overnight. The resulting
dsRNA was suspended in an appropriate volume of water after ethanol
precipitation. The final concentration of dsRNA was adjusted to 20 μM for the
control DsRed2 dsRNA (660 bp, derived from pDsRed2-N1 (Clontech)), and
Gb'eve dsRNA (288 bp, amino acid position 95–190, spanning from the beginning
of the homeodomain to the C terminus). For microinjection of dsRNA, cricket eggs
were collected for 3 h and used within 2 h after egg collection. The dsRNA was
microinjected into the posterior end of the egg as described (Zhang et al., 2002).Results
Isolation of Gryllus even-skipped
We isolated a cDNA clone of Gryllus even-skipped (Gb'eve)
using degenerate PCR and RACE. The deduced amino acid
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identity with the corresponding domain of other insect Eve's
(Fig. 1). Conserved amino acid sequences are also seen in a
flanking region of the homeodomain, in the N terminus, and in
the C terminus (Fig. 1). Alignment of theGb'Eve sequence with
other insect Eve sequences also shows that the C-terminal
portion of the Gb'Eve protein is remarkably shorter than others.
Expression patterns of Gb'eve in the anterior region of the
embryo
In situ hybridization analysis shows that Gb'eve is expressed
in a striped pattern (Fig. 2). Although both cricket and
grasshopper belong to the Orthoptera, the expression patterns
of Gb'eve differ from the unstriped pattern of the Schistocerca
eve (Patel et al., 1992). In Drosophila, eve is expressed at the
blastoderm stage in a broad domain, which later resolves into a
striped primary pair-rule pattern with a two-segment periodicity.
The eve pair-rule stripes are roughly centered on odd-numbered
parasegments. Each of the primary pair-rule stripes becomes
refined to the anterior of odd-numbered parasegments, and
weaker secondary segmental stripes appear de novo in even-
numbered parasegments (Frasch et al., 1987; Macdonald et al.,
1986). In Tribolium and the long germ honeybee Apis mellifera,
eve secondary stripes arise through splitting of the primary pair-
rule stripes (Binner and Sander, 1997; Brown et al., 1997; Patel
et al., 1994). These examples show a typical mode of eve
expression in insects, in which a broad primary pair-rule stripe
is followed by a narrower secondary segmental one.
In very early embryos (30 hAEL), Gb'eve expression is first
detected as three broad domains, which are contiguous at the
midline (Fig. 2A). The three domains are then refined to form a
single narrow stripe at the border between protocephalon and
protocorm and two broad domains (Fig. 2B). Each of the two
broad domains (stripes 2 and 3) further resolves into two narrow
stripes (Fig. 2C). This mode of stripe formation suggests a pair-Fig. 1. Alignment of the Gryllus Eve sequence with other insects. Conserved amino ac
are conserved. There are additional conserved domains in the N terminus and C t
castaneum; Dm, Drosophila melanogaster.rule regulation in anterior segment patterning. The five stripes
(stripes 1, 2a, 2b, 3a, and 3b) correspond to the mandibular,
maxillary, labial, protothoracic (T1), and mesothoracic (T2)
segments, respectively, as shown by the double staining with
Gryllus wingless (Gb'wg) in a later stage (Fig. 2M). At 36
hAEL, a new stripe (stripe 4) arises in the anterior edge of the
broad expression domain in the posterior growth zone (Fig. 2D).
This becomes narrow (Figs. 2E, F), and the next stripe (stripe 5)
arises just posterior to it within the broad domain, keeping
contiguity with stripe 4 (Figs. 2G, H). In later stages, each of
stripes 4 and 5 is refined to become a narrow stripe, separating
from the posterior broad domain (Fig. 2I). Since stripes 4 and 5
arise in a segmental order, the mode of formation of these stripes
seems to be (single-)segmental rather than pair-rule. However,
in this case, it is difficult to distinguish unambiguously between
segmental and pair-rule, because the place where stripes 4 and 5
arise overlaps the posterior broad domain. By 46 hAEL, Gb'eve
stripes in the prospective gnathal and thoracic regions fade out
in an anterior–posterior progression (Fig. 2J). Double staining
for Gb'eve and Gb'wg revealed that the narrow stripes of
Gb'eve almost coincide with Gb'wg segmental stripes, slightly
shifting to the posterior (Figs. 2K–M). This indicates that
Gb'eve is expressed at the boundary of each parasegment,
because Gb'wg stripes are assumed to delineate the paraseg-
mental borders (Miyawaki et al., 2004). In addition, Gb'eve
segmental stripes precede a corresponding Gb'wg stripe (Figs.
2K–M). These results indicate that the maxillary to T2 stripes of
Gb'eve are expressed in a pair-rule-like manner, with a two-
segment periodicity in parasegmental units, whereas the
mandibular stripe forms in a segmental manner. About the
formation of the T3 and A1 stripes, it remains unclear whether
this is segmental or pair-rule.
To examine the localization of Gb'Eve proteins, we
performed immunostaining using the monoclonal antibody
2B8 (Patel et al., 1994). We found that Gb'Eve proteins are
localized in each segmental stripe and a posterior broad domainid residues are highlighted. The homeodomain and its flanking region sequences
erminus. Gb, Gryllus bimaculatus; Sa, Schistocerca americana; Tc, Tribolium
Fig. 2. Expression of Gb'eve in the anterior region of the embryo. (A–J) Formation of early Gb'eve stripes. Expression patterns of Gb'eve at about 30 (A), 32 (B), 34
(C), 38 (D), 39 (E), 40 (G), 42 (I), and 44 (J) hAEL. (A–D) Primary stripes 2 and 3 resolve into two stripes 2a/2b and 3a/3b, respectively. (F) High-magnification view
of the posterior region of the embryo in panel E. Arrow indicates the Gb'eve stripe 4. (H) High-magnification view of the posterior region of the embryo in panel G.
Asterisk shows the Gb'eve stripe 4. Arrow indicates the region where the stripe 5 is arising. (K–M) Double staining for Gb'eve (blue) andGb'wg (brown) indicates that
Gb'eve stripes almost overlap Gb'wg stripes, i.e., each of the Gb'eve stripes is located on a parasegment border. (N) Immunostaining patterns of Gb'Eve protein at 40
hAEL with the antibody mAb 2B8. (O) High-magnification view of the boxed area in panel N. (P) Expression pattern of Gb'Eve protein at 42 hAEL. Scale bars:
250 μm in panles A–E, G, I, J; 50 μm in panels F, H; 250 μm in panels K–N, P; 50 μm in panel O.
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appearance and refinement of the T3 and A1 stripes (compare
Figs. 2G, I with Figs. 2N, P). Each Gb'Eve stripe shows an
anterior–posterior gradient (Fig. 2O). Drosophila Eve is known
to be expressed with an anterior–posterior gradient, which is
essential for Eve to regulate the expression of segment polarity
geneswg and en in concentration-dependent manners (Lawrence
and Johnston, 1989). The Gb'Eve protein gradient pattern
suggests that Gb'eve may regulate expression of Gb'wg and
other segment polarity genes during segmentation of the cricket
embryo in a manner similar to Drosophila.
Expression patterns of Gb'eve during posterior elongation
During subsequent elongation of the embryo, new Gb'eve
stripes appear sequentially from a broad expression domain in
the posterior growth zone (Figs. 3A–J). As these abdominal
stripes fade out in an anterior–posterior progression during
posterior elongation, we used Gb'wg expression as a segmental
marker. Based on results of double staining for Gb'eve and
Gb'wg, we could assign each of the abdominal Gb'eve stripesto a particular abdominal segments (only limited double-
staining data are shown in Fig. 3 because Gb'eve expression
domains are more clearly shown in single-staining results).
Double staining for Gb'eve and Gb'wg shows that each of the
abdominal Gb'eve stripes precedes the corresponding Gb'wg
stripe and is located slightly posterior to the Gb'wg stripe (Figs.
3G, I, J).
The mode of Gb'eve stripe formation in the abdominal
region apparently varies among stripes. The stripes that
correspond to the abdominal segments A4, A5, A8, and A9
arise in a pair-rule-like manner, i.e., a mode in which segmental
stripes are generated from the splitting of a broader primary
stripe (Figs. 3D–F, H, I). In contrast, the stripes corresponding
to segments A2, A3, A6, A7, and A10 arise in a segmental way.
In these, the A10 stripe arises as a narrow segmental stripe from
the beginning (Fig. 3J), whereas the A2, A3, A6, and A7 stripes
do not arise in a completely segmental manner. Instead, the A2
and A6 stripes remain contiguous with the broad expression
domain in the growth zone when the A3 or A7 stripe is arising
within the broad domain, respectively (Figs. 3B, F). The
dynamics of Gb'eve stripe formation in the abdominal region
Fig. 3. Expression patterns of Gb'eve in the extending abdomen of the embryo.
(A–J) Posterior portion of Gryllus embryos stained for Gb'evemRNA (A–F, H)
and double-stained for Gb'eve (blue) and Gb'wg (brown) (G, I, J). (K)
Schematic diagram of temporal change of Gb'eve expression in the extending
abdomen. Blue and red blocks represent Gb'eve stripe expression and triangles
show Gb'eve expression tapering toward the posterior tip. Red blocks indicate
Gb'eve stripe formation in a typical pair-rule manner. Green boxes represent
Gb'wg expression. The heights of the Gb'eve blocks reflect the approximate
levels of mRNA expression. Scale bar: 250 μm.
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on these expression patterns whether the mode of formation of
the A2, A3, A6, and A7 stripes is the segmental or pair-rule
type. Rather the mode seems to have both features of segmental
and pair-rule ones incompletely. The mode does not contradict
the pair-rule definition, because a broad expression proceeds
formation of each pair of the segmental stripes A2/A3 or A6/
A7. Therefore, this mode can be designated incomplete pair-
rule mode. Since formation of the T3 and A1 stripes alsoappears to be an incomplete pair-rule mode, it is suggested that
Gb'eve expression for specification of the abdominal segments
except A10 is regulated to generate a two-segmental periodicity
in an incomplete or complete way.
RNA interference for Gb'eve during embryogenesis of Gryllus
To analyze functions of Gb'eve during segmentation of the
cricket embryos, we performed RNA interference (RNAi)
experiments. We used double-stranded RNA (dsRNA) for
Discosoma sp. red fluorescent protein 2 (DsRed2) for negative
control experiments, because we had previously confirmed that
no significant defect was observed in the cricket embryos
injected with this dsRNA (Miyawaki et al., 2004).
We found that embryos injected with dsRNA targeted at
Gb'eve (Gb'eveRNAi embryos) show defects in segment
patterning. Just before hatching, most of affected embryos
show abnormal anterior segmentation, in which the segment
number is reduced, accompanied by reduction of thoracic legs.
Typically they have only two pairs of legs in a reduced thoracic
region exhibiting fusions of the labial and T1 segments and the
T2 and T3 segments (Figs. 4A–D). Legs of these embryos
frequently show supernumerary distal structures (Fig. 4E). In
more severe cases, the thoracic region is extremely reduced,
with one or no pair of legs (Figs. 4F, G). In addition to the
anterior defects, the abdominal segments are also affected by
RNAi for Gb'eve. Most of the RNAi-affected embryos seen just
before hatching show lack of a few (three at most) segments or
an abnormality in segment width. Such defects often occur left/
right asymmetrically (Figs. 4H, I). Asymmetrical segmental
fusions clearly indicate that reduction in the segment number in
the abdomen results from segment fusions. No obvious defects
are observed in the external morphology of the maxilla and
more anterior head region in this stage of embryos. As a result
of loss of some segments in the thorax and abdomen, the strong
phenotype is gap-like. These observations indicate that Gb'eve
is involved in segmentation in both of the anterior and posterior
regions.
In Drosophila, hypomorphic alleles of eve represent the pair-
rule phenotype, while complete loss of its function causes an
asegmental phenotype (Macdonald et al., 1986). If the eve
function is conserved in Gryllus and Drosophila, it is expected
that weak depletion of Gb'eve can cause a pair-rule defect while
strong depletion results in more severe segmentation defects. To
determine whether the observed segmentation defect in
Gb'eveRNAi embryos occurs in a pair-rule manner, i.e., in
alternative segmental (or parasegmental) units with a two-
segment periodicity, we examined the expression patterns of
Gb'wg in Gb'eveRNAi embryos at stages 8–9 (Niwa et al.,
1997). In the examined Gb'eveRNAi embryos (n=94), 63.8%
exhibited significant segmentation defects. The most frequently
observed effect (35.1%, n=32 out of 94) was reduction of
appendage number in the gnathal and thoracic regions with
defects in the abdominal segments, such as deletion or fusion of
some segments, irregular formation and/or condensing of
segment borders, and severe growth defects of the posterior
region (compare Fig. 5B with Fig. 5A; see Figs. 5M–O). As
Fig. 4. Effects of Gb'eve RNAi on G. bimaculatus embryos. (A, B) Wild-type
and Gb'eveRNAi embryos just before hatching. A wild-type embryo (A) and a
typical Gb'eveRNAi embryo with two pairs of legs in Lb/T1 and T2/T3 fused
segments (B) are shown in a lateral view. Abdominal segments are numbered. In
the Gb'eveRNAi embryo shown here, the number of abdominal segments was
reduced, probably because of segment fusion at region 6/7. (C, D) Dorsal view of
the thoracic region of the wild-type (C) and Gb'eveRNAi embryo (D) shown in
panels A and B, respectively. Lb, labium; T1–3, thoracic segments 1 to 3; A1–2,
abdominal segments 1 and 2. (E) Magnification of the leg formed in the T2/T3
segment in the Gb'eveRNAi embryo shown in panels B and D. Supernumerary
distal structures were formed in the tip of the leg (arrow). (F, G) Gb'eveRNAi
embryos with segmentation strongly affected. (F) In this Gb'eveRNAi embryo,
thoracic segments were severely reduced bearing no legs. (G) This Gb'eveRNAi
embryo also displays severe reduction of thoracic region and reduction in the
total number of abdominal segments from ten to seven (the most anterior one is
fused to the defective thorax). The embryo has one pair of legs (arrow). The
mandible and maxilla are formed almost normally even in strongly affected
embryos. (H, I) Asymmetrical defects in abdominal segments of Gb'eveRNAi
embryos (dorsal view). A fused segment is indicated by an arrow, while the
corresponding normal side is indicated by arrowheads. (H) Fusion of three
contiguous segments in the left side. (I) Fusion of two adjacent segments in the
right side. Scale bars: 500 μm in panels A, B, F, G; 250 μm in panels C, D;
250 μm in panel E; 250 μm in panels H, I.
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thoracic region (9.6%, n=9) or in the abdominal region (19.1%,
n=18) are affected. The mandibular and maxillary segments are
not affected by Gb'eve RNAi at the levels of morphology and
Gb'wg expression patterns.
Some of those appendage-reduced Gb'eveRNAi embryos had
fused appendages of the labium and T1 and of T2 and T3, in
which the Gb'wg stripes of the labium and T2 showed irregular
shapes reflecting absence of the segment borders between the
labium and T1 and between T2 and T3 (Fig. 5C). This indicatesthat the appendage reduction in Gb'eveRNAi embryos results
from fusion of the labial and T1 segments and of the T2 and T3
segments rather than deletion of whole segments. Small
abnormal structures accompanied by abnormal Gb'wg expres-
sion are frequently formed in legs in the gnathal or thoracic
region in Gb'eveRNAi embryos (Figs. 5D, E), probably leading
to formation of the supernumerary structures observed in later
stages (Fig. 4E).
We further analyzed the effects of Gb'eve RNAi on anterior
segmentation. To examine the identity of the RNAi-affected
segments, we used the cricket orthologs of Drosophila Hox
genes, Sex combs reduced (Gb'Scr), and Ultrabithorax (Gb'Ubx),
as segment marker genes for the labium/T1 and T3/A1,
respectively (Miyawaki et al., 2004; Zhang et al., 2005). In
wild-type embryos, Gb'Scr is expressed intensely in the labial
and T1 segments (Fig. 5F). In Gb'eveRNAi embryos, the Gb'Scr
expression domain narrows to about one segment wide,
indicating fusion of the posterior region of the Labial segment
and the anterior region of the T1 segment (Fig. 5G). Gb'Ubx is
expressed in the T3 limb bud and more intensely in the A1
segment in the wild-type embryo (Fig. 5H). In the Gb'eveRNAi
embryo, Gb'Ubx expression in the T3 pattern is seen in the
posterior of a leg bud of putative T2/T3 fusion, confirming the
presumption of the identity of the affected segment (Fig. 5I).
Furthermore, we studied earlier stage Gb'eveRNAi embryos to
specify the RNAi-affected regions more precisely. In relatively
mildly affected embryos, we found that the labial and T2 stripes
of Gb'wg are affected slanting posteriorly (compare Fig. 5K with
Fig. 5J). As Gb'wg stripes are assumed to delineate the
parasegmental borders (Miyawaki et al., 2004), this suggests
that the alternative parasegment borders in the labial and T2
segments are the most sensitively affected by Gb'eve depletion
(see Fig. 7). It is likely that segment fusions in Lb/T1 and in T2/
T3 result from defects in formation of the regions containing
segment borders of Lb/T1 and of T2/T3, derived from defects of
the parasegment borders of PS2/PS3 and of PS4/PS5, respec-
tively. Thus, our results suggest that Gb'eve acts in a pair-rule
manner in anterior segmentation. In more strongly affected
embryos, all thoracic Gb'wg stripes are fused (Fig. 5L), showing
deletion of a region from T1 to T3. Such an effect probably
results in a gap-like phenotype at later stages (Figs. 4F, G).
The defects in abdominal segments show variation. In one
situation, one or two segments are clearly deleted as shown in
Fig. 5B (5.3%, n=5 out of 94). In another type (19.1%, n=18;
Fig. 5M), the abdominal segment borders appear irregular and
some of them are not formed normally, and/or the stripes of
Gb'wg condense in the abdominal region. The latter indicates
that the width of each segment is decreased, probably because
of retardation of posterior growth. In addition, severe inhibition
of the posterior growth frequently occurs (30.1%, n=29),
resulting in a defective, short posterior region showing almost
no Gb'wg segmental stripes. In the most severe case of this
defect, the thoracic region is also reduced remarkably, with
vestigial leg buds (Fig. 5O). We could not observe this severe
phenotype at the stage just before hatching, probably because of
its lethality. Generally, non-specific effects on growth and
segmentation defects in the abdominal regions of short and
Fig. 5. Analyses of Gb'eveRNAi embryos using in situ hybridization. Expression patterns of Gb'wg in wild-type (A) and Gb'eveRNAi (B) embryos. The Gb'eveRNAi
embryo in panel B shows a typical phenotype. Six pairs of appendages in the gnathal and thoracic regions were reduced to four pairs (legs shown by arrows). The
numbers of abdominal segments decreased from ten to eight. Mn, mandible; Mx, maxilla; Lb, labium; T1–3, thoracic segments 1 to 3; A1–10, abdominal segments 1 to
10. (C)Gb'eveRNAi embryoswith abnormal leg buds (arrowheads) formed by segment fusion. (D) High-magnification view of the abnormal structures shown in panel C.
An arrow indicates an abnormal expression of Gb'wg in the abnormal structure. (E) Two abnormal structures with abnormal expression of Gb'wg, formed in a fused
labium/T1 leg bud. (F, G) Expression patterns ofGb'Scr in wild-type andGb'eveRNAi embryos. In the wild-type embryo,Gb'Scr is expressed intensely in the labial and
T1 segments (F). In the Gb'eveRNAi embryo, the Gb'Scr expression domain narrows to about one segment wide, indicating fusion of the posterior region of the Labial
segment and the anterior region of the T1 segment (G). (H, I) Expression patterns ofGb'Ubx in wild-type andGb'eveRNAi embryos. In the wild-type embryo,Gb'Ubx is
expressed in the T3 limb bud and more intensely in A1 segment, and this was used as a marker of T3/A1 identity (H). Expression patterns of Gb'Ubx in the Gb'eveRNAi
embryo confirm the fusion of segments T2 and T3 (I). (J–L) Effects of Gb'eveRNAi on Gb'wg stripes in the anterior region. In wild-type embryos at 42 hAEL, Gb'wg
stripes in the prospective gnathal and thoracic regions are visible (J). In Gb'eveRNAi embryos, the labial and T2 stripes are the most sensitively affected (K). In more
severe cases, the thoracic stripes are condensed and the prospective thoracic and abdominal regions are remarkably reduced (L). (M, N) Effects of Gb'eveRNAi in the
abdominal region visualized with Gb'wg stripes. Perturbation of segment formation (M) and narrowing of segment width (N) in the abdominal region of Gb'eveRNAi
embryos. (O) In Gb'eveRNAi embryos displaying the most severe defects, elongation of the posterior region does not occur, as revealed by no Gb'wg stripe in the
abdominal region. Scale bars: 250 μm in panels A, B; 250 μm in panels C,M,N; 100 μm in panels D, E; 250 μm in panels F–I; 200μm in panels J–L; 250μm in panel O.
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experiments, because abdominal segments form gradually
and thus could be sensitive to retardation of development by
some non-specific effects of microinjection. However, in the
present RNAi experiments, the severity of abdominal defects
in Gb'eveRNAi embryos seems to be directly associated with
those seen in the anterior region. Additionally, the abdominal
defects seen in Gb'eveRNAi embryos were not observed in ournegative control experiments performed in parallel (RNAi for
DsRed2, n=52). Thus, we consider the growth and segmenta-
tion defects in the abdominal region not to be artifacts caused
by microinjection, but the result of silencing Gb'eve tran-
scripts. Therefore, the most severe abdominal defect seen in
Gb'eveRNAi embryos seems to imply that Gb'eve plays
essential roles in segmentation and elongation of the posterior
region.
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partially in a pair-rule manner during posterior segmentation,
because it is expressed as incomplete or complete pair-rule
stripes. The deletion or fusion of some posterior segments in
Gb'eveRNAi embryos does not contradict a potential pair-rule
action of Gb'eve in the abdomen. Since Gryllus has ten
abdominal segments, the canonical pair-rule phenotype in the
abdomen should be loss of five alternative parasegmental units
at most. However, we observed that only three abdominal
segments at most were lost in cases of clear segment deletion
(some segments lost with others almost normally formed). In
other cases of posterior segmentation defects, segmental (non
pair-rule) defects seemed to be prevalent, namely segmentation
was disturbed at random position or through the abdomen.
Thus, we could not observe any sign of alternative action of
Gb'eve in posterior segmentation, though we cannot completely
exclude the possibility of the existence of such an action. It is
possible that Gb'eve acts in a pair-rule manner during posterior
segmentation only incompletely, consistent with the incomplete
pair-rule pattern of Gb'eve expression in the abdomen. In this
way, one would expect that the segments corresponding to the
complete pair-rule stripes of Gb'evemay be the most sensitively
affected for Gb'eve primary function there. Unfortunately, we
could not determine whether this is the case, because at present
we cannot determine the identity of the lost segments due to the
lack of appropriate segmental markers for that.
Gb'eve regulates gap genes
To clarify the effects of RNAi for Gb'eve in an early process
of segment patterning, we examined gene expression patterns in
early germbands after injections of the dsRNA. As eve isFig. 6. Regulation of gap genes by Gb'eve. (A–C) Silencing of Gb'eve expression by
expressed in a striped pattern at 40 h after injection, the pattern in wild-type (A). No ex
F) Expression patterns of Gb'hb in wild-type (D) and Gb'eveRNAi embryos (E, F). (G–
Scale bar: 500 μm.required for proper activation of hunchback (hb) and Krüppel
(Kr) in the Oncopeltus blastoderm (Liu and Kaufman, 2005), it
is possible that Gb'eve also regulates Gryllus orthologs of these
gap-genes in early stages of embryos. At first, we confirmed the
silencing of Gb'eve expression with in situ hybridization for
Gb'eve. Gb'eve anterior stripes and broad expression in the
growth zone were not affected in the control embryos injected
with dsRNA for DsRed2 (100%, n=10 analyzed embryos at
40 h after injection; Fig. 6A). In contrast, in Gb'eveRNAi
embryos, we confirmed the reduction of the expression level of
Gb'eve in nine out of ten analyzed embryos, in which a very
faint signal (n=2; Fig. 6B) or no signal (n=7; Fig. 6C) was
observed. We further examined the expression patterns of
Gb'hb and Gb'Kr in Gb'eveRNAi embryos. In Gryllus wild-type
embryos at 43 hAEL, Gb'hb is expressed as two narrow stripes
and a thick band in the gnathal region from the posterior
mandibular to anterior labial segments (Fig. 6D) (Mito et al.,
2005). We found that Gb'eve RNAi depletion results in
alteration of Gb'hb expression patterns in comparison with the
control embryos (n=8 out of 10; Fig. 6E). In the RNAi-affected
embryos, the Gb'hb expression of the band domain in the
gnathal region is eliminated, while the two narrow stripes
change into a broad expression domain. We also found that
there is ectopic expression of Gb'hb in the posterior end in some
of the RNAi-affected embryos (n=3; Fig. 6F). In wild-type
embryos, Gb'hb is expressed in the posterior growth zone from
about 48 hAEL (Mito et al., 2005). Therefore, the posterior
expression of Gb'hb in the Gb'eve RNAi embryos might reflect
premature termination of posterior elongation. In wild-type
embryos at 43 hAEL, Gb'Kr is expressed in the central region
from the posterior labial to anterior T3 segments (Fig. 6G) (Mito
et al., 2005, 2006). We found that Gb'eve RNAi depletioninjection of dsRNA for Gb'eve. In the control, DsRed2RNAi embryos, Gb'eve is
pression (B) or very faint expression (C) is detected inGb'eveRNAi embryos. (D–
I) Expression patterns of Gb'Kr in wild-type (G) and Gb'eveRNAi embryos (H, I).
Fig. 7. Model for regulatory networks involving Gb'eve. The speculation based
on this and previous studies (Mito et al., 2005, 2006; Shinmyo et al., 2005).
Relationships between genes do not necessarily show direct regulation. Gb'eve
is activated by Gb'cad in both the anterior and posterior regions. Gb'cad, Gb'hb,
and Gb'eve are involved in activation of Gb'Kr expression. The regulation of
Gb'Kr by Gb'cad or Gb'eve (dotted lines) may occur indirectly through Gb'hb
expression. Gb'Kr represses Gb'hb expression in the thoracic region. Gb'Kr is
required for Gb'eve thoracic stripes corresponding to T1 and T2. Gb'Kr is also
involved in growth and segmentation of the posterior region, affecting Gb'eve
expression in this region. For the regulations by Gb'Kr, see Mito et al. (2006).
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14). In the Gb'eveRNAi embryos, the Gb'Kr expression in the
central region is reduced mildly (n=3; Figs. 6H, I) or eliminated
except for the peripheral region (n=8; arrowheads in Fig. 6I).
As the altered pattern of Gb'Kr expression in Gb'eve embryos is
similar to that in Gb'hb RNAi embryos (Mito et al., 2005),
reduction of Gb'Kr expression in Gb'eve RNAi embryos could
be an indirect effect resulting from suppression of Gb'hb
expression by Gb'eve depletion. Our findings suggest that
Gb'eve is involved in the direct or indirect regulation of Gb'hb
and Gb'Kr expression in the early germband. It may be
premature, however, to conclude that Gb'eve acts upstream of
Gb'hb and Gb'Kr in the Gryllus segmentation hierarchy, similar
to Oncopeltus eve. To infer the position of Gb'eve in the
segmentation hierarchy more precisely and compare it with that
of Oncopeltus eve, it is essential to examine the effect of Gb'eve
depletion on Gb'hb and Gb'Kr expression in an early gap
pattern in a germ anlage. However, since Gb'eve RNAi germ
anlagen are very fragile due to unknown reasons, we could not
obtain data of the critical stage due to a technical problem in
sample preparation.
Discussion
This study revealed the expression patterns and function of
an ortholog of the Drosophila pair-rule gene, even-skipped,
during Gryllus embryogenesis. Gb'eve is expressed in a broad
pattern in a germ anlage. At later stages, it is expressed in a
broad domain of the posterior growth zone and in the stripe
pattern with one- or two-segment periodicity in both anterior
and posterior regions of the embryo. Reflecting the intermediate
germ type of embryogenesis in Gryllus, Gb'eve stripes in the
anterior region of the embryo (corresponding to Mn-T2) emerge
almost simultaneously, while the remaining stripes arise
sequentially at the posterior region near the extending posterior
end of the embryo. Furthermore, we found that Gb'eve has gap-
like, pair-rule-like, and segmental functions during segmenta-
tion. Here we discuss these findings from an evolutionary
viewpoint.
Gap-like function of Gb'eve
In Drosophila, complete loss of eve function causes an
asegmental phenotype, in which the ventral portion is covered
by a uniform field of denticles (Macdonald et al., 1986). In
Oncopeltus, the severe RNAi depletion of eve results in a
complete deletion of the mandibular through abdominal
segments, which is a much more severe effect than the null
phenotype in Drosophila (Liu and Kaufman, 2005). This
phenotype has been interpreted to be derived from an
interruption of progressive segmentation in the posterior region
and losses of hb and Kr expression in the blastoderm (Liu and
Kaufman, 2005). The Gryllus gap-like phenotype caused by
Gb'eve RNAi depletion exhibits the reduction of thoracic and
abdominal segments. The Gb'eve gap-like phenotype is milder
than that of Oncopeltus, though it is still possible that more
strong Gb'eve depletion results in deletion comparative to theOncopeltus phenotype. The Gb'eve gap-like phenotype appears
to result at least partially from the reduction of expression of the
gap genes Gb'hb and Gb'Kr in early Gb'eveRNAi germbands,
since RNAi depletion of these genes results in deletion of parts
of thoracic and anterior abdominal segments (Mito et al., 2005,
2006). In addition, defects in posterior growth and segmentation
through suppression of the broad expression of Gb'eve in the
posterior growth zone may also contribute to the severe deletion
of abdominal segments in the phenotype. Thus, the Gb'eve gap-
like phenotype may be caused as a combination of reduction of
the thoracic region and a defect in posterior growth and/or
segmentation.
A possible model of regulatory networks involving Gb'eve,
based on the present and previous studies, is shown in Fig. 7. In
Oncopeltus, eve regulates hb and Kr orthologs (Liu and
Kaufman, 2005). A broad expression of Oncopeltus eve at the
blastoderm stage may be responsible for this regulatory function
(Liu and Kaufman, 2005). As Gb'eve is also expressed in a
broad domain in a germ anlage and is required for proper
expression of Gb'hb and Gb'Kr at least in an early germband,
the regulatory function of eve for hb and Kr could be conserved
in Gryllus. It should be noted that the effect of Gb'eve depletion
on the early gap patterns of Gb'hb and Gb'Kr expression, which
is required to clarify the position of Gb'eve in the segmentation
hierarchy, is unclear. Still our findings seem to suggest the
possibility that underlying mechanisms of the eve gap-like
action are conserved in Gryllus and Oncopeltus.
We previously found that Gryllus caudal (Gb'cad) regulates
Gb'eve expression both in anterior stripes and in a broad domain
in the posterior growth zone in early germbands (Shinmyo et al.,
2005) (Fig. 7). Additionally, the phenotype of embryos with
Gb'cad RNAi is more severe than that produced by Gb'eve
RNAi. Therefore, we suggest that Gb'eve acts upstream to the
gap genes Gb'hb and Gb'Kr, and downstream to Gb'cad, in the
regulatory network of anterior patterning. This regulatory
interaction may be ancestral in insects, being conserved in
relatively basal species such as Gryllus and Oncopeltus.
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We found that applying RNAi for Gb'eve results in segment
fusion in alternative segmental units in the anterior region of the
embryo. This suggests that Gb'eve acts as a pair-rule gene
during segmentation. The affected regions in the pair-rule
phenotype of Gb'eve, as well as Gb'eve expression domain, are
shown in Fig. 8. Our analysis of Gb'wg expression patterns in
Gb'eveRNAi embryos indicates that the alternative parasegmen-
tal units PS3 and PS5, i.e., the regions from the posterior labial
to anterior T1 and from the posterior T2 to anterior T3, are the
most sensitive to Gb'eve depletion. As the pair-rule stripes of
Gb'eve cover PS2 and PS4 but not PS3 and PS5, there seems
to be a discrepancy between the expression and function of
Gb'eve. In Tribolium, primary eve expression covers mainly
odd-numbered parasegments, but a loss of primary eve function
appears to affect only anterior portion of the odd-numbered
parasegments (Brown et al., 1997; Patel et al., 1994; Schröder et
al., 1999) (Fig. 8). Thus, a discrepant situation in eve expression
and function is also seen in Tribolium. In Drosophila, primary
stripes of eve cover odd-numbered parasegments, which are
affected by a loss of primary eve function, followed by weaker
secondary stripes appearing de novo in the anterior part of even-
numbered parasegments (Frasch et al., 1987; Macdonald et al.,
1986) (Fig. 8). It would be notable that, in both Drosophila and
Gryllus, odd-numbered anterior parasegments, except PS1 in
Gryllus, are primarily affected by eve depletion, despite the
shift of the phase of eve pair-rule stripes between these species.
These comparisons suggest that eve may have a common
primary function to pattern odd-numbered parasegments in the
anterior segmentation of Gryllus, Tribolium, and Drosophila,
whereas the process of formation of eve stripes and their
covering regions is divergent between them.Fig. 8. Schematic diagram of the relationship between Gb'eve expressions and
RNAi phenotype in the anterior segments, compared with Drosophila and Tri-
bolium. Black, white, and gray boxes represent expression of each gene.Dm'eve,
Drosophila melanogaster even-skipped; Tc'eve, Tribolium castaneum even-
skipped. For each species, an upper row of the black boxes shows early stripes
before resolving and a lower row shows late segmental stripes (Brown et al.,
1997; Frasch et al., 1987; Macdonald et al., 1986; Patel et al., 1994). Positions of
pair-rule defects by loss-of-function are shown by red boxes forGb'eve and other
eve's (Nüsslein-Volhard et al., 1984; Schröder et al., 1999). The parasegment
borders in Gryllus are assumed to be the boundaries of expression stripes of
Gb'wg (white boxes) and Gb'hh (gray boxes) (Miyawaki et al., 2004).The anteriormost stripe of Gb'eve (the mandibular stripe) is
segmental from its origin, i.e., not derived from a pair-rule
stripe, while the remaining stripes in the anterior region arise
through splitting of pair-rule stripes covering even-numbered
parasegments (Fig. 8). When compared with the Drosophila
and Tribolium, the domains of Gb'eve primary expression (pair-
rule stripes) appear to be shifted by one segment. At present, we
cannot infer which state is ancestral for eve pair-rule expression
in insects. Data from additional species of other phylogeneti-
cally basal insects are required to resolve this question. Another
case of shift in phasing of pair-rule stripes has been reported for
Schistocerca (Davis et al., 2001); here pby1 is expressed in
broad domains of a two-segment periodicity before each
resolves into two segmental stripes, and the pairing of
segmental stripes is shifted by one segment when compared
with Drosophila and Tribolium. These cases appear to represent
flexibility in the regulation of pair-rule gene expression in
insects.
The pair-rule function of Gb'eve in posterior segmentation
remains ambiguous. It is possible that the canonical pair-rule
defect in the posterior region may be concealed by the posterior
elongation defect resulting in a short abdomen, since abdominal
segments are specified sequentially. This assumption, however,
seems to contradict the fact that there is aGb'eveRNAi phenotype
of short abdomen (probably due to posterior growth defect) with
ten condensed segments (Fig. 5N). More likely, Gb'eve may
exert its primary function only in limited parasegmental units,
reflecting its incomplete pair-rule expression in the posterior
segmentation. If this is the case, such a mode of Gb'eve function
perhaps represents an intermediate state of the evolution of eve
pair-rule function in insects consistently with its expression
patterns.
The pair-rule function of eve has been so far definitely
shown only in the holometabolous insects Drosophila and
Tribolium (Nüsslein-Volhard et al., 1984; Schröder et al., 1999).
Thus, the present study is the first to demonstrate the pair-rule
function of eve beyond holometabolous insects. In contrast, in
another hemimetabolous insect Oncopeltus, eve apparently
does not act as a pair-rule gene (Liu and Kaufman, 2005).
However, it should be noticed that the RNAi susceptibility of
the two species may be quite different. Since the Oncopeltus eve
gene appears to be exquisitely sensitive to RNAi knockdown
(Liu and Kaufman, 2005), any evidence of a pair-rule defect
might be concealed. Nevertheless, the anterior segmental
defects seen in the weaker Oncopeltus phenotype appear to
differ from those in Gryllus. As Gryllus is phylogenetically
more basal than Oncopeltus (see Fig. 9), it may be that the eve
pair-rule function was lost in the lineage leading to Oncopeltus.
Alternatively, the pair-rule function may have evolved inde-
pendently in the lineage leading to Gryllus and to holometa-
bolous insects. To the problem of the apparent plasticity of eve
in the phylogeny of the insects, it might be relevant that the
early embryos Gryllus and Oncopeltus are very different.
Gryllus does not appear to have a blastoderm stage similar to
that seen in Oncopeltus. The latter has a cellular blastoderm that
is almost Drosophila-like, a single layer of cells spread around
the posterior ventral aspect of the embryo with clear molecular
Fig. 9. Evolution of even-skipped expression in arthropods. The phylogenies are based on Mallatt and Giribet (2006). The relationship between the chelicerates and
myriapods is currently unresolved. EB, early broad expression; PR, primary pair-rule (broad) stripes; PS, primary (early) segmental stripes. +, present; −, not present; ?,
no data.
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Gryllus on the other hand forms a clear embryonic anlage
with early morphological differentiation coincident with the
detection of molecular distinctions. This pattern is really more
reminiscent of Tribolium with which the cricket apparently
shares anterior pair-rule function of eve (Schröder et al., 1999).
Evolution of eve function
eve expression in the arthropods is summarized in Fig. 9. The
gap-like function, which is probably regulated by the early
broad domain, is suggested to be ancestral, because the early
broad expression is conserved among insects. To what extent is
the gap-like function of eve conserved in various arthropod taxa
remains to be clarified.
We discuss evolution of the eve pair-rule action in insects in
turn. In Drosophila, eve primary stripes appear in odd-
numbered parasegments, and then later minor stripes arise de
novo in the even-numbered parasegments as the primary stripes
are refined (Frasch et al., 1987; Macdonald et al., 1986). In
Tribolium and the long germ honeybee A. mellifera, eve
secondary stripes arise through splitting of the primary pair-rule
stripes (Binner and Sander, 1997; Brown et al., 1997; Patel et
al., 1994). These examples show a typical mode of eve
expression in insects, in which a primary pair-rule pattern is
followed by later segmental ones. On the contrary, in Onco-
peltus, eve expression dynamic initiates in a segmental manner,
and does not show a pair-rule pattern (Liu and Kaufman, 2005).
In addition, Schistocerca embryos do not display any stripe
patterns as the expression pattern of the eve ortholog (Patel et
al., 1992). The expression dynamic of Gb'eve differs from all
other insects examined. Some of the Gb'eve segmental stripes
appear through resolving of the primary pair-rule stripes, while
others arise in a segmental manner. These surprisingly divergent
expression patterns of eve in insects imply flexibility in theregulation of its expression and suggest that cis-regulatory
elements of eve must have been modified independently during
insect evolution.
To understand the ancestral state of eve stripe formation in
insects, it is essential to know eve expression in the various
arthropod taxa. Expression patterns of eve orthologs have thus
far been examined in the non-insect arthropods of the
Chelicerata, Myriapoda, and Crustacea. In the spider Cupien-
nius salei (Chelicerata), the eve ortholog is expressed in a
dynamic pattern in the growth zone of the embryo, forming
stripes of expression sequentially from the posterior end of the
growth zone (Damen et al., 2000; Damen et al., 2005). In the
embryos of both the centipede Lithobius atkinsoni (Myriapoda)
and the brine shrimp Artemia franciscana (Crustacea), expres-
sions of their eve orthologs are observed in the posterior growth
zone, with transient stripes of expression emerging from this
posterior domain (Copf et al., 2003; Hughes and Kaufman,
2002). Segmental expression of eve in these arthropods
suggests that those eve orthologs are involved in segmentation
and implies that the involvement of eve in segmentation
predates at least the divergence of insects and chelicerates and
therefore may be an ancestral feature of arthropods (Damen et
al., 2005). However, the precise periodicity of eve expression in
these arthropods is unclear (Copf et al., 2003; Damen et al.,
2005; Davis and Patel, 2002; Hughes and Kaufman, 2002).
Thus, no obvious pair-rule pattern of eve expression has been
found in non-insect arthropods, though it does not necessarily
exclude the possibility that a two-segment periodicity underlies
their eve expressions. Interestingly, the eve stripes of Artemia
are very transient, in comparison with other arthropods, e.g.,
Lithobius, in which the stripes persist for longer, and
consequently a number of stripes can be detected at any one
time (Copf et al., 2003; Hughes and Kaufman, 2002).
Additionally, in Cupiennius embryos, eve can be detected as
either two or three stripes in the growth zone during its dynamic
213T. Mito et al. / Developmental Biology 303 (2007) 202–213expression (Damen et al., 2005). Thus, there seems to be
differences in timing of eve stripe formation between species
and between segment positions in an animal. Considering these
lines of evidence for divergent dynamics of eve stripes, it is
likely that the “incomplete” pair-rule expression of Gb'eve
reflects difference in timing of resolution of eve stripes from the
complete ones. Therefore, the Gb'eve expression patterns,
which include both pair-rule and segmental stripes, might
represent an intermediate state of an evolutionary transition
from one-segment into two-segment periodicity of an entire set
of eve stripes. To clarify the origin of eve pair-rule function,
data from more basal insects are especially important.
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